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1 Outline

e SPEAR parameters
e Motivations
e Experimental data to characterize phenomenon

— Spectrum analyzer
— Streak camera

e Simulations to increase understanding

e Analytical model that explains this behavior
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2 SPEAR Parameters

3 GeV e storage ring dedicated to synchrotron radiation

e ultra-relativistic (# = 1) = no transition

e space charge effects negligible

e signie® cant synchrotron radiation and associated damping

Energy 2.3GeV HOM studied = Fundamental
Natural Damping Time 10 ms fres =1 ¢ = 358.533MHz
Measured Damping Time |5 ms (@2mA)
R, = 10 MY
Bunch spectrum (o~ ') 2.8 GHz 57 ps 1/49 RF bucket
fr=1Thoum 358.533 MHz 2.8 ns 1/280 turn
f, 1.28 MHz 0.78 us 1 turn
Damping of HOM resonance 56 kHz 17.8 ps 23 turns
f., 28.4 kHz 35 us 45 turns
Relaxation oscillation <100Hz >10 ms >12800 turns
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3 Motivation

e SPEAR has two 5-cell PEP-I/LEP style RF cavities

— One cavity active, one cavity passive in normal operation
— Two moveable tuners in each 5-cell cavity
e Work done to improve stability of operating point with respect to cavity HOMs
— No HOM dampers on cavities
— No longitudinal or transverse feedback systems

— No temperature regulation on cavities

e Characterized HOMs vs tuner position
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4 QObservations

e [ongitudinal oscillations saturate

e Envelope, itself, oscillates at very low frequency (three orders of magnitude smaller
than w)

e Previously experimentally observed and reported

— PhotonFactory [Yamazaki 1983]
— Surf 2 [Rakowsky 1985]
— Elettra [Wrulich 1996]

e Previously studied theoretically
— Suzuki and Yokoya [1982]
— Kirinsky [1985]
— Nagaoka [1996]

e Characterized this behavior on largest impedance available, the fundamental mode of
the idle cavity, using signals from a pickup within the cavity
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5 Spectrum Analyzer Results

o Low oscillation frequency < 100 HZ  (~ T, 3:0ti0n damping)

e Extends almost over entire region of instability
e Symmetry of growth time follows R(wgon) = R (pwo + w;)
e Asymmetry of damping

— Complex damping mechanism

— Explains frequency asymmetry

e Broadening of synchrotron frequency line:
~ Af~ —15%

The oscillation amplitude initially grows toward an attractor at oo. Then the dynamics
of the system change so that the motion evolves toward another attractor. We call this
cycle a relaxation oscillation.

These data give information only about the dipole moment of the bunch. We want to
see its internal structure as well
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6 Streak Camera

e Since the bunch is too short to examine its time distribution electronically, we used a
streak camera to optically view this dimension.

o We were assisted by colleagues J. Hinkson and J. Byrd (LBNL), A. Fisher (SLAC) and
A. Lumpkin (APS) in obtaining the beautiful pictures

e Dual sweep streak camera

— Synchrotron radiation emitted by bunch is image of longitudinal e~ distribution
_ Camera converts v’s to e~ ’s in camera photocathode

— Rotates longitudinal distribution of e~ to vertical distribution

— Sweeps slowly in horizontal direction to image different bunches

— Shows bunch envelope over long times on slow sweeps

— Synchronized with fgp, it shows bunch by bunch distributions on fast sweeps
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7 Results from Streak Camera Images

e Correlates, as expected, with data from spectrum analyzer
e Stays cone ned as a single macroparticle in intial phase of relaxation cycle
e Loss of intensity during growth
_ Particles start to escape from the bunch and are seen distributed over time
e Large amplitude of oscillations (+7/2) i.e. 1/2 RF bucket size
— Pendulum frequency decreases quadratically with amplitude
— Spectrum analyzer data showed this 15% frequency shift over the relaxation cycle
e Attractor at ¢ nite amplitude
e In most cases, images show bunch collapses to center and begins new cycle

e In the particular case of w, > w; and a very slow damping rate, a 274 attractor appears
at the center

— ~ 7 out of phase with main body (or ‘initial attractor’)
— starts growing while the ‘initial attractor’ is still damping
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8 Simulations

e Photon intensity from optical port too low to get all the information desired from
longitudinal distribution.

e Used a multiparticle tracking code to get more information about the behavior of the
relaxation oscillation.

e Implements the standard synchrotron equations of motion, including quantum ® uctua-
tions and wake function.

e The long range wake is calculated from turn to turn using propagators.
e The code reproduced well the main behavior:

— Instability thresholds
— Relaxation oscillation and its frequency
— Diffusion from bunch

e Predictions from simulations

— Diffusion is from the front of the bunch
_ Particles spiral toward the center of the bunch to restart cycle
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9 Analytical Model
9.1 Goals

Based on the experimental data and computer simulations, we would like the analytical
model to explain:

e Instability thresholds given by linear theory

e Saturation mechanism of oscillation

e Diffusion, from the head of the bunch, as the amplitude grows
e Conditions for relaxation oscillation

— Formation of second attractor
— Damping mechanism

e For w, > wy, behavior of second attractor

— ~ 7 out of phase with initial attractor
— growth as initial attractor damps

10
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9.2 Driving Term — Wake- eld

Our goal is to express the driving term of this oscillation, the wakee eld, in a closed,
analytical form that can be exploited for calculations. We use the experimental data

and vastly different time scales of the system to justify the following simplifying
approximations:

e (0. < 2m/wpg) = use impulse approximation for single pass of wakee eld (¢ > 1)
V(t—u)=NeW (t—u)= NeU(t —u) 2agRge *® coswp (t — u)

e (cavity length < ring circumference) = total wake is in® nite summation

V (t) = 2arRs (Ne) M e~ or(tnTo)=ukT0) cog wp (t (nTy) — u (kTp))

k=—00
o (ap < fy) = approximate summation with integral
Ne :
V(t) =2agrRs A \ e rll= coswp (t — u) du
0 —00

o t =nTy+1,u=kIy+ Ty, W = pwy + w, = remove multiples of 27 from cos
t

V (t) = 2agRsl e R cosfwp (T — Ty) +w, (t — u)] du

—0

11
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e instantaneously, motion always closely approximates harmonic oscillator

e ap ~ w, so memory of integral only lasts a few synchrotron periods

= 7, = 7, cos (wgnTy + ¢,)
t
V (t) = 2arRsl e~ R(E=U) ong (wp (ry cos (wgt + ¢,) — T, 08 (Weut + D))

—0OC

+w, (t —u)| du

The driving term is now analytically integrable, resulting in an ine nite Fourier-Bessel
series
o0 ,%L;%@Aﬁv,\SA?vQ@ElSe%:m%ﬁiS?

V FS — mem,wN Re M

p,m=—00

87 +.w. ASEM: T Emv

This is still a very complex expression, so we exploit the slowly varying character, w.r.t.
w,, of the amplitude, 7;, and phase, ¢,, of the oscillation.

12
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9.3 Krylov-Bogoliubov-Mitropolskii (KBM) Averaging Method

e Driven harmonic oscillator
7wl T = fr(7,7)
e Deener(t), ¢ (t), from modie ed version of homogeneous solutions
T = 7 (t)cos (wst + ¢ (1))
T o= —wer (t)sin (ws,t + @ (1))
e Solve the following equations

dr .
_ = T
@
mw = 7= f(7,7) |EwOﬁ
e Obtain differential equations for r (¢), ¢ ()
1
ro= ——sin(wyt + @) f(7,¢)
W,
. 1
¢ = ———cos(wet +¢) f ()

TWg,

13
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e Average over one period (Fourier components)
. 1 [
F= o | (e, +0)f(r0)d

_2r
Emo

5= L [ costwnr + ) F (rd)dr

27T | o

E%O

e Equations of motion include terms from wake, radiation damping, and pendulum
equation

. 1 _

Ty = Mgimﬂrﬂ A @v — QupodTt

- 1 - 1

¢, = wﬁE&ﬁQH A %V — IH,WJNE&

where Fy (T, $) and Fsy (7, ¢) are the Fourier coefe cients w.r.t. (W, T + @)

14
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For a two particle model, the wake, and therefore its Fourier coefe cients, depend on
the properties of both particles. These coefe cients, for a system with a source particle
(r., ¢,) carrying current, I, acting on a test particle (r¢, ;) with ine nitesimal charge, are

For = IK»MU T (ru) [Jx-1 (1) + Ji (1))
k=1
X ?@m — @MV cos (kA¢) — @m — @Mv sin QAD@;

ke = \»w@m Jo (re) J1 (re) + \»MU Ji (1) k-1 (re) — J41 W)

k=1

x [ (b, — b)) cos (kA®) + (a; — af) sin (kA)]

where A = 21 (agRg) 5183 TTesa D¢ = ¢, — ¢,and
L (kwg, + W)

ar @w _ :
o + (kwgy £+ w;)

+ .
o + (kwg, £ w, )%

a, =

which are proportional to Re {Z (kwg, = w;)} and Im {Z (kws, + w,)}, respectively.

15
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9.4 Analysis

Although this is still an in® nite sum, the sum depends on 7 the oscillation amplitude of the
particles. From our data, this limits at about 7 /2, so the series converges quickly. For our

parameters, 1n fact, a very good understanding comes from keeping only the lowest terms.
These forces have a strong dipole characteristic.

9.4.1 Linear theory

(14, @,) = (ry, @,) and use small amplitude expansion of J,, ().
e Gives instability thresholds of linear theory

e Shows odd symmetry of growth/damping and frequency shift with respect to the
fractional part of the resonator frequency, w,

9.4.2 Saturation

(74, &) = (74, ¢,) but now evaluate non-linearities in sum

e Decrease in amplitude of sum with increasing argument gives saturation mechanism

e Data shows saturation at earlier level, consistent with particle loss from main bunch

16
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9.4.3 Diffusion

e To evaluate ‘stability’ of bunch as a macroparticle, look at situation of source particle,

(ry, ¢,,), carrying all charge and examine behavior of test particle, (ry, ¢,), at arbitrary
location in phase space.

e Move to rotating coordinate frame in which ¢, = 0

e In this frame, consider if separation between (7, ¢,) and (r, ¢,) is increasing or
decreasing

e At small amplitudes

— F¢; = radial restoring force
— F1 = azimuthal restoring force
— = macroparticle 1s stable

17
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e At large amplitudes
— Characteristics of radial forces are unchanged

— Azimuthal force now dominated by pendulum effect

* Test particle that falls behind macroparticle sees less 7, drops toward the origin,
gains ¢, and returns to region of larger 7.

= Test particle that moves ahead also sees less 7, drops toward the origin, gains even
more ¢, and exits macroparticle from the front.

— As test particle rotates away from macroparticle, the net wake forces oscillate and
lose their strength. Radiation damping brings the test particle back toward the origin.

— Loss of charge from macroparticle also brings it closer to the origin

This change from attraction to the macroparticle to repulsion from it shows the change
in dynamics of the system needed to form the second attractor and create the necessary
conditions for the relaxation oscillation.

18
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9.4.4 Location of second attractor near origin

When the macroparticle has ¢ nite amplitude, a test particle at the origin still sees * nite
wake terms. Since the equation for ¢ has an additional r~! factor multiplying the wake

contribution, ¢ can assume any value near the origin. In particular, there exists a locus of
points near the origin that are phase locked to the macroparticle. When the test particle
reaches this locus, it again sees the wake of the macroparticle.

e Second attractor moves slowly = close to * xed point (7 = 0) about 7/2 ahead of
macroparticle
e As particles accumulate at this second attractor its charge increases

— Contributes to its own growth

— Azimuthal coordinate increases since it needs to see damping from original attractor
— Amplitude grows

— Two centers exert damping force on each other

— Initial attractor damps

Relaxation cycle is then * ow of particles between two centers, with cycle frequency
1/2 that of observed signal.

19
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9.4.5 Asymmetry of damping and observation of second attractor

e When w, > w,, Fs; and F{-] rotate clockwise with two results

e Test particles pass through higher regions of Fig; as they try to escape from the front of
the bunch

= longer time needed for macroparticle to decay

e Node of shifted closer to m = second attractor close to 7 = 0 out of phase with initial
attractor

20
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10 Conclusions

e Experimental observations
— Data gives complete characterization of phenomenon

e Simulations
— Good agreement with experiments (low frequency behavior, * lamentation)
— Additional predictive power of direction of * lamentation

e Analytic model

— Exact derivation of long term wake potential
— Theoretical explanation of phenomenon explains

x Instability theory of linear model

x Saturation mechanism of synchrotron oscillation

x Diffusion mechanism
x Conditions for relaxation oscillation
x Creation and location of second attractor

x  Asymmetry of damping mechanism
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